Poor outcomes in diabetic patients are observed across a range of human tumors, suggesting that cancer cells develop unique characteristics under diabetic conditions. Cancer cells exposed to hyperglycemic insults acquire permanent aggressive traits of tumor growth, even after a return to euglycemic conditions. Comparative genome-wide mapping of hyperglycemia-specific open chromatin regions and concomitant mRNA expression profiling revealed that the neuregulin-1 gene, encoding an established endogenous ligand for the HER3 receptor, is activated through a putative distal enhancer. Our findings highlight the targeted inhibition of NRG1-HER3 pathways as a potential target for the treatment breast cancer patients with associated diabetes.
D
iabetes (DM) is a risk factor for enhanced cancer progression (1, 2) . DM is characterized by transient or persistent hyperglycemia due to inadequate insulin action and production (type 2 DM) or persistent insufficient insulin production from pancreatic β-cells (type 1 DM) (2) . Because type 2 DM is more prevalent, most epidemiological studies were done with type 2 DM patients; in this context, it is challenging to distinguish between direct effects of hyperglycemia versus other confounding factors, such as hyperinsulinemia and chronic inflammation, frequently associated with these profound metabolic changes. Nevertheless, several groups of investigators have suggested that hyperglycemia per se is an independent risk factor for various types of human cancers, although the underlying mechanisms are still elusive (3, 4) .
Results and Discussion Cancer Cells with a History of Hyperglycemia Grow Faster in Euglycemic
Hosts Compared with Naïve Cells. To study the specific contributions of hyperglycemia to breast cancer, we used a PyMT/PANIC [PANIC-ATTAC mice (Pancreatic Islet Cell Apoptosis Through Triggered Activation of Caspase-8) (5) in the background of MMTV-PyMT mice (6) ] mouse model to induce hyperglycemia in mammary tumors. Hyperglycemia was brought about by inducible apoptosis of pancreatic β-cells after dimerizer injection (Fig. S1 A and B). The dimerizer was maintained throughout the initial tumor progression to avoid regeneration of β-cells. The resulting decrease of insulin levels ( Fig. S1C ) triggers hyperglycemia, effectively mimicking type 1 DM or late stages of type 2 DM. Because of the prevailing catabolic conditions in the absence of insulin, body weights of mice were significantly decreased with a reduction of body fat mass in PyMT/PANIC mice compared with PyMT mice (Fig. S1 D and E) . Furthermore, mammary tumor growth was significantly attenuated in PyMT/PANIC mice compared with PyMT mice (Fig. 1A) ; thus, tumor progression from mammary intraepithelial neoplasias ("MINs") to late carcinoma was significantly delayed as judged by whole mount staining ( Fig.  S1F ) and histological analysis using H&E staining ( Fig. 1 B and C) , despite dramatically up-regulated availability of circulating glucose. Consistent with our observations, several type 1 DM rodent models have been reported to show attenuated tumor growth (7, 8) . This reduced tumor growth is likely due to the lack of insulin, a factor with intrinsic mitogenic properties (9) . Of interest, gene expression profiles in tumor tissues analyzed by cDNA microarray indicated that oncogenic pathways driven by components such as HER1 (also known as EGF-R), Ras, NF-κB, and antiapoptotic signals were highly up-regulated under these hyperglycemic conditions ( Fig. S2 A and B) despite the fact that tumor growth was attenuated in PyMT/PANIC mice.
We wanted to ask the question whether cancer cells retain a memory of these unusual metabolic conditions even after they are returned to the euglycemic state. These long-lasting effects imprinted upon transient exposure to excessively high carbohydrate levels are referred as "hyperglycemic memory." Notably, previous work established that hyperglycemia under different conditions can actively trigger epigenetic modifications resulting in long-lasting changes in gene expression (10) . To test this hypothesis in the context of our mammary tumor setting, cancer cells isolated from hyperglycemic conditions ("HyG") in the PyMT/PANIC mice and control cancer cells ("Ctrl") isolated from euglycemic PyMT mice were implanted into isogenic and euglycemic wild-type mice and tumor growth was monitored (Fig.  1D ). Despite the fact that HyG cells grew more slowly in the original hyperglycemic conditions, they display a significantly more aggressive growth behavior in the new euglycemic setting relative to the Ctrl-cells ( Fig. 1 E and F) . This more aggressive growth pattern indicates that the hyperglycemic environment epigenetically imprinted oncogenic signals in cancer cells and resulted in a malignant progression even after prolonged presence in euglycemic wild-type hosts.
Identification of Neuregulin-1 as a Key Factor Mediating Hyperglycemic
Memory Effects in Cancer Cells. To identify epigenetic changes to the genome of breast cancer cells that are induced by hyperglycemia, we used an integrated genomic approach ( Fig. 2A) . We surmised that changes affecting gene regulation would result in conformation changes of chromatin in genomic regions harboring regulatory elements, e.g., promoters, enhancers, and insulators. Therefore, we used formaldehyde-assisted isolation of regulatory elements followed by deep sequencing (FAIRE-seq) (11) Author contributions: J.P. and P.E.S. designed research; J.P. performed research; V.R.S., D.E., and R.K. contributed new reagents/analytic tools; J.P., V.R.S., D.E., R.K., and P.E.S. analyzed data; and J.P., R.K., and P.E.S. wrote the paper.
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This article is a PNAS Direct Submission. (Fig. 2B) . Genes associated with hyperglycemia-specific FAIRE peaks were cross-referenced with cDNA microarray data to identify epigenetically imprinted candidate genes ( Fig. 2A) . We filtered genes modulated by hyperglycemia per se in nontransformed cells identified by microarray analysis of mammary gland tissues from PANIC-ATTAC mice and wild-type mice ( Fig. 2A) . This integrated approach identified 25 candidate genes (Fig. S3A) that were validated by quantitative RT-PCR (qRT-PCR) of cDNA generated from tumors of PyMT/ PANIC and PyMT mice (Fig. S3B) , and tumors from HyG and Ctrl xenograft tumors (Fig. S3C) . (E) The homologous region of the putative Nrg1 enhancer in the human genome. The position of the region in the human genome (assembly Hg19) in the UCSC Genome Browser is indicated. The conserved putative AP-1 motif is highlighted in red. Binding regions for multiple transcription factors, the levels of histone modifications and DNaseI hypersensitivity as obtained from ENCODE are shown. (F) Luciferase reporter assay in CHO cells. Enhancer element was inserted in the reporter vector containing a minimal promoter (pGL4.23), and assay was determined at 2 d after transfection in the presence or absence of the AP-1 transcription factor. Data represent mean ± SEM three independent experiments were performed. ***P < 0.001 and ### P < 0.001 by two-way ANOVA.
Based on literature analysis of the known functions of the 25 candidate genes, we selected Nrg1 as a putative key regulator of tumor cell growth for further analysis ( Fig. 2A ). Nrg1 encodes a ligand for HER3/ErbB3, which is a member of the epidermal growth factor family (EGFR) of receptor tyrosine kinases (13) . Overexpression of HER3 has been reported for multiple common solid tumors, such as prostate, ovarian, and breast cancers (14, 15) . Nrg1 mRNA levels were markedly increased (20-fold) in tumors that originated from hyperglycemic conditions (Fig. 2C ). Nrg1 overexpression was maintained when these tumors were transplanted to euglycemic mice ( Fig. 2C and Fig. S3 B and C) . FAIRE-seq analysis identified a region 190 kb 5′ to the transcription start site of Nrg1 gene that had a more open chromatin conformation in the HyG cells (Fig. 2D) . A putative AP-1 binding motif was identified in this FAIRE region (Fig. S4A) , suggesting that this region may harbor a distal enhancer of Nrg1. Importantly, the FAIRE region is evolutionarily conserved based on a DNA sequence similarity of 82% between mouse and human, which is very high for an intergenic DNA region (Fig. S4A) . The homologous fragment in the human genome is located 213 kb 5′ to the transcription start site of the NRG1 gene. Using ENCODE data, we found that this region is bound by AP-1 transcription factors such as Jun and Fos in multiple human cell lines, has high DNaseI hypersensitivity, and is flanked in multiple cell lines by nucleosomes with high levels of histone modifications (H3K4 monomethylation and H3K27 acetylation) that are characteristic for enhancers (Fig. 2E) . Collectively, these findings suggest that the HyG FAIRE peak associated with Nrg1 identified an AP-1 binding enhancer with conserved function in human cells.
To test whether the identified Nrg1 FAIRE region has enhancer activity, we cloned the entire region into a luciferase reporter construct with a minimal-promoter (pGL4.23) and analyzed luciferase expression from this construct at different levels of ectopic AP-1 expression in CHO cells. The promoter activity of the luciferase construct was markedly increased by this enhancer element and was further activated by the presence of the AP-1 transcription factor (Fig. 2F) .
Because the NRG1 gene generates various isoforms through alternative splicing and differential use of promoter sites (16), we explored which isoforms are primarily affected by hyperglycemic memory effects. NRG1 isoforms are subdivided into three groups, based on their N-terminal domain structure: heregulin (HRG, type I), glial growth factor (GGF, type II), and sensory and motor neuron derived factor (SMDF, type III) (16) . The mRNA levels of type I Nrg1 in tumor tissues were slightly increased over the course of tumor progression but markedly augmented by hyperglycemic exposure in PyMT mice in comparison with type III Nrg1 (Fig. 2C) . This increase was sustained in HyG tumors compared with Ctrl tumors implanted into wild-type mice (Fig. 2C) . Furthermore, RNA-seq analysis with RNAs isolated from HyG tumors compared with Ctrl tumors confirmed that mRNA sequences encoding type I Nrg1 are specifically increased in HyG tumors (Fig. S5A) . Homologous sequences found in human Nrg1 gene (Fig. S5B ) encode several proneuregulin isoforms, which include HRG-β1b, HRG-β1c, HRG-β1d, HRG-β1, HRG-β2, and HRG-α (Fig. S5C) . Therefore, we focused our analysis in the context of hyperglycemic imprinting events in breast cancer on type I Nrg1, also called heregulin (17) , and will refer to it as Nrg1. NRG1 has been implicated in various types of human cancers because of its potent effects on cell proliferation, survival, invasion, and angiogenesis (18) . In addition, it directly binds to HER3, which leads to the formation of heterodimers with other HER receptors (mostly HER2, also known as ErbB2 or Neu). These heterodimers further activate the downstream signaling pathways, such as PI3K, ERK, and NF-κB (19) . As such, the functional involvement of NRG1 in breast cancer progression has been widely demonstrated, although its key regulatory aspects remain to be elucidated; when and how NRG1 activation takes place remains unclear. In this context, our findings strongly suggest that hyperglycemia may be a critical driving force to permanently lead to an activation of the NRG1-HER signaling axis in malignant tumor progression.
Neuregulin-1 Plays a Crucial Role as a Mediator of Hyperglycemic
Memory Effects in Cancer Cells. NRG1 can impact on cancer cells in various ways, depending on the HER receptor status. A NRG1-HER3 autocrine loop is essential to potentiate HER signaling and is seen in the context of drug resistance of HER-targeted therapies such as trastuzumab (a HER2-targeted monoclonal antibody) in HER2-amplified tumors (20) (21) (22) . In addition, the NRG1-HER3 loop in HER2-negative tumors contributes to drug sensitivity in the context of HER2-targeted therapies (14, 15, 23) . Furthermore, NRG1 per se is a mitogenic factor sufficient to promote tumor growth, regardless of HER receptor status (24) . PyMT-derived tumors used in this study are HER2 amplified (25) . Considering this HER2 amplification, we explored whether NRG1-HER signaling pathways are enhanced and persisted in the HyG tumors. Nrg1 immunostaining clearly showed that HyG tumors expressed significantly higher levels of Nrg1 than Ctrl tumors that showed no detectable Nrg1 (Fig. 3A) . Consistently, Nrg1 levels in PyMT/PANIC were higher than those in PyMT mice (Fig. S6A ) and HER receptors, including HER2 and HER3, which were further activated in tumors in PyMT/PANIC mice compared with PyMT as determined by immunoblotting (Fig. S6 B and C) . This Nrg1 upregulation suggests that hyperglycemia-induced Nrg1 potentiates HER signaling via an autocrine pathway.
To determine whether the signature up-regulation of Nrg1 in HyG tumors is a critical feature setting HyG tumors apart from Ctrl tumors, we reduced Nrg1 levels by using a shRNAs approach. Lentiviral-mediated infection of HyG cancer cells with shRNAs targeting Nrg1 reduced both protein and mRNA levels by 50% over the tumor progression in vivo (Fig. 3 A and B) . Accordingly, tumor growth rates were attenuated in HyG tumors subjected to Nrg1 reduction, effectively bringing it back to control levels (Fig.  3C) . We subsequently examined drug sensitivity for HyG tumors with the HER1/HER2 dual-RTK inhibitor lapatinib, one of the most selective RTK inhibitors available and used to treat HER2-amplified metastatic breast cancers (26) . Lapatinib also inhibits the activated NRG1-HER3 autocrine loop (14) . HyG and Ctrl cells bearing mice were given daily either vehicle or lapatinib (OG, 100 mg/kg per day) starting 2 wk after implantation. HyG tumors treated with lapatinib grew at a slower rate than HyG tumors in the vehicle group, whereas the growth of Ctrl tumors was significantly less affected (Fig. 3D) ; there are however some remaining PI3K and ERK signals in this setting (Fig. S6 D and E) . Ki67 staining showed that proliferation indices were approximately 40% decreased (Fig. 3E) , whereas apoptosis was slightly increased in lapatinib-treated HyG tumors compared with vehicletreated HyG tumors (Fig. 3F) . These results suggest that lapatinib treatment attenuates tumor aggressiveness caused by Nrg1 induction in HyG-tumors.
Primary Cancer Cells Acquire Malignancy Through Prolonged Exposure of Hyperglycemia. Most of established cancer cell lines are grown in media containing high levels of glucose. As such, it is challenging to test whether the NRG1-HER3 loop described in a subset of cancer cells (14) is intrinsic or acquired because of prolonged culture under hyperglycemic conditions. To address this issue, we used primary cancer cells freshly isolated from the tumors of PyMT mice under euglycemic conditions. These cells have basal-level Nrg1 expression. We then exposed these cells to hyperglycemia either in vivo or in vitro by either using hyperglycemic PANIC-ATTAC mice or euglycemic wild-type mice as hosts, or by culturing the cells in vitro with media containing low-glucose (1 g/L) or highglucose (4.5 g/L) supplemented with 10% FBS, respectively (Fig.  4A ). All cells grown under these different glycemic conditions were then harvested and implanted into euglycemic wild-type hosts, and tumor growth was monitored. Indeed, cancer cells exposed to hyperglycemia either in vivo or in vitro grew faster in the euglycemic hosts (Fig. 4 B and C) . This enhanced growth clearly indicates that the hyperglycemic environment per se is actively involved in the programming of a more malignant growth behavior, and the phenotype is not due to another hormonal change secondary to hyperglycemia. We also assessed the mRNA levels for Nrg1 and HER receptors, including EGFR, HER2, and HER3, and cyclinD1 as proliferation indices. Nrg1 levels were consistently increased in cancer cells after hyperglycemic challenges both in vivo and in vitro; as a result, proliferation indices as judged by cyclinD1 levels were increased (Fig. 4D) . The mRNA levels for HER receptors were less consistent, depending on the conditions and periods of hyperglycemic challenges. Nevertheless, it is clear that the cancer cells acquire malignant traits under hyperglycemic conditions. However, we cannot rule out the possibility that a subset of cancer cells, adapted to high glucose conditions, is clonally selected for further proliferation.
Breast Cancer Patients with a History of Hyperglycemia Express High
Levels of Neuregulin-1 in Tumor Tissues. To validate whether these findings have any clinical relevance, we determined whether we could observe increased NRG1 levels in tumor sections from DM breast cancer patients compared with breast cancer patients with no indication of previous hyperglycemia. Twenty-five human patient samples (control n = 12 vs. DM n = 13) were included in this analysis. We did not control for age, body mass index, or antidiabetic treatment regimens (Table S1 ), but only selected on the basis of fasting glucose levels. NRG1 immunostaining showed that NRG1 levels were elevated in 11 of 13 DM-diagnosed breast cancer patients, whereas almost none of the euglycemic patients showed signals (NRG1 + patients; 84.6% in DM vs. 8.3% in non-DM) (Fig. 5A and Fig. S7A ). In addition, approximately half of NRG1 + DM-patients expressed and activated HER3 (Fig. 5A and Table S1 ), suggesting that hyperglycemia is likely to activate the entire NRG1 mediated oncogenic pathway, such as HER signals. We appreciate that our study included only a relatively small number of subjects, and larger studies will be required to establish how universal our findings are for mammary and other tumors. However, given that fasting glucose levels were our only inclusion criterion and that we have obtained rather unambiguous "on/off" type responses suggests that these results are likely to hold up at larger scale as well. We do not yet know what the NRG1 status is for those individuals that are merely glucose intolerant but do not display frank diabetes.
We have shown that hyperglycemia induces permanent changes in tumor cells, leading to a more aggressive growth behavior. This hyperglycemic effect is achieved by epigenetic up-regulation of the NRG1 gene, a ligand for the EGFR family. NRG1 activation results in more malignant tumor progression through the formation of a NRG1-HER3 autocrine loop to engage the HER signaling pathways. This effect was attenuated by reducing NRG1 levels, or with the RTK inhibitor lapatinib (Fig. 5B) , suggesting that among several hyperglycemia-induced epigenetic modifications, the NRG1-mediated effects are almost singlehandedly responsible for the observed changes. From a therapeutic perspective, our results suggest that DM patients with previous or current episodes of hyperglycemia that display HER3 overexpression may benefit from a combined treatment with HER2: HER3 targeted therapies (Fig. 5C) ; hence, a patient history of DM is a useful predictive biomarker to determine the therapeutic strategies beyond the HER2-amplified status.
Materials and Methods
Mice. All animal experiments were approved by the Institutional Animal Care and Research Advisory Committee at the University of Texas Southwestern Medical Center. Genotyping for MMTV-PyMT and PANIC-ATTAC mice was performed by using PCR as in previous studies (5, 6) . All animals used in this study were in a pure FVB background. AP20187 for in vivo dimerization of the FKBP-caspase-8 fusion was purchased from Clontech.
Implantation of Cancer Cells. To isolate primary tumor cells, tumor tissues were excised from female mice and minced by using a razor blade in PBS. Tumors were incubated with collagenase type III (1.25 mg/mL) and hyaluronidase (1 mg/mL) for 2 h at 37°C. Cell suspension was centrifuged at 1,000 × g for 10 min, and pellets were incubated with 0.25% trypsin for 10 min at 37°C. The cell suspension was centrifuged at 1,000 × g for 10 min, and pellets were incubated with DNaseI (20 U/mL) for 10 min at 37°C, cell pellets were washed with PBS containing 5% (vol/vol) serum. Cells were seeded into culture dishes in growth medium, DMEM (Mediatech) containing 10% (vol/vol) FBS (Gemini Bio Products) after passing through 40-μm nylon filter (Fishe). Freshly isolated cells were used in this study. Recipient animals were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/ kg), and cancer cells were implanted into mammary adipose tissues by intraductal injection. Tumor growth was monitored once a week starting 2 wk after implantation.
Microarray. Total RNA was extracted from tumor tissue from 12-wk-old PyMT and PyMT/PANIC (n = 12 per group). Microarray experiments were performed by the University of Texas Southwestern microarray core facility. The Mouse Illumina Bead Array platform (47K array) (Illumina) was used in this study. Gene lists and pathway analyses of the data sets were performed by using Ingenuity Pathway Software (Ingenuity Systems). Gene profiling data are available from GEO (www.ncbi.nlm.nih.gov/geo) under accession no. GSE40361. FAIRE-seq. FAIRE was performed as reported (27) . Barcoded libraries of FAIRE DNA from HyG and Ctrl cells were generated with the SOLiD Fragment Library Barcoding Kit (Applied Biosystems), and 35-nt single-end reads were generated with the SOLiD4 system (Applied Biosystems). The primary sequencing data were directly translated from color space to mapped DNA sequence reads in the human reference genome (NCBI37/mm9 assembly) by using LifeScope (v.2.10). During the alignment, three filter steps were applied to remove low quality, ambiguous, and redundant reads. Four hundred HyG-specific FAIRE regions were identified as genomic regions with a significant read enrichment and binding peak profile in the HyG FAIRE reads over the Ctrl reads by using the Model-based Analysis of ChIP-Seq (MACS) software tool (28) with 10% FDR. (B) Upon secondary implantation into euglycemic hosts, tumor growth for hyperglycemia-exposed primary cancer cells originally grown in PANIC-ATTAC mice was faster in comparison with those isolated from wild-type mice. Cancer cells were exposed to hyperglycemia for 1 mo in vivo. Tumor volume represents mean ± SEM (n = 8 per group). *P < 0.05, ***P < 0.001 vs. Ctrl by two-way ANOVA. (C) Primary cancer cells isolated from PyMT mice were cultured with different glucose concentrations [low ( LG, 1 g/L) vs. high glucose (HG, 4.5 g/L)] supplemented with 10% FBS for 3 mo (over 15 passages). These cells were then implanted into wild-type mice and tumor growth was monitored. Tumor volume represents mean ± SEM (n = 8-9 per group). *P < 0.05, ***P < 0.001 vs.
LG (18 passages) by two-way ANOVA. (D) Total RNA was isolated from cancer cells from tumors grown in PANIC-ATTAC mice (HyG) or wild-type mice (Ctrl) as well as those cultured with either low glucose (18 passages) or high glucose (18 and more than 30 passages) media. mRNA levels for Nrg1, EGFR, HER2, HER3, and cyclinD1 were determined by qRT-PCR. Results represent mean ± SEM (n = 5 per group). ***P < 0.001 vs. Ctrl; # P < 0.05, ### P < 0.001 vs. LG (18p) by two-way ANOVA. 
